Species of pathogenic microbes are composed of an array of evolutionarily distinct chromosomal genotypes characterized by diversity in gene content and sequence (allelic variation). The occurrence of substantial genetic diversity has hindered progress in developing a comprehensive understanding of the molecular basis of virulence and new therapeutics such as vaccines. To provide new information that bears on these issues, 11 genes encoding extracellular proteins in the human bacterial pathogen group A Streptococcus identified by analysis of four genomes were studied. Eight of the 11 genes encode proteins with a LPXTG(L) motif that covalently links Gram-positive virulence factors to the bacterial cell surface. Sequence analysis of the 11 genes in 37 geographically and phylogenetically diverse group A Streptococcus strains cultured from patients with different infection types found that recent horizontal gene transfer has contributed substantially to chromosomal diversity. Regions of the inferred proteins likely to interact with the host were identified by molecular population genetic analysis, and Western immunoblot analysis with sera from infected patients confirmed that they were antigenic. Real-time reverse transcriptase-PCR (TaqMan) assays found that transcription of six of the 11 genes was substantially up-regulated in the stationary phase. In addition, transcription of many genes was influenced by the covR and mga trans-acting gene regulatory loci. Multilocus investigation of putative virulence genes by the integrated approach described herein provides an important strategy to aid microbial pathogenesis research and rapidly identify new targets for therapeutics research.
T raditionally, the study of pathogen-host interactions has been conducted one gene or protein at a time, in an inefficient linear fashion. Genome sequencing and other high-throughput analytic techniques provide far more rapid and efficient methods to identify genes and proteins that may participate in pathogenesis. As a consequence, it is now feasible to investigate simultaneously multiple putative virulence factors and screen these molecules for characteristics of interest.
In contrast to humans that have a single nucleotide polymorphism per 1,000 bp (1) , virtually all pathogenic bacteria have much higher levels of allelic variation. Molecular population genetic analysis has found that some bacterial genes can differ by more than 20% at the nucleotide level, and allelic variation in regions of some genes can exceed 50% because of horizontal gene transfer events (2, 3) . Strains of bacterial pathogens also can differ substantially in gene content. For example, genomes of Escherichia coli strains recovered in nature can differ in size by more than 1 Mb (4, 5) . Similarly, considerable diversity in gene sequence and content has been described in Helicobacter pylori strains (6, 7) . Extensive genetic variation complicates efforts to define the molecular basis of pathogenesis and indicates that a comprehensive understanding of virulence depends on knowledge of chromosomal and allelic diversity present in natural populations. This is especially true for genes encoding proteins that may confer a selective advantage, such as antibiotic resistance markers, cell-surface antigens, and regulatory molecules.
Group A Streptococcus (GAS) causes many types of human infections, including pharyngitis, cellulitis, sepsis, toxic shock syndrome, necrotizing fasciitis, rheumatic fever, and glomerulonephritis (8, 9) . The pathogen expresses a large array of extracellular proteins that contribute to disease (9) . Abundant chromosomal, allelic, and serologic diversity present in GAS (10) has hindered vaccine development and understanding of pathogen-host interactions and differences in strain behavior. In addition, although it has been known for decades that patients with GAS infections produce antibodies to a large number of extracellular proteins (11) , the great majority of the proteins have not yet been characterized.
Here we use a combined molecular population genetic, immunologic, and genetic strategy to analyze in parallel 11 previously uncharacterized extracellular putative virulence proteins identified by comparative study of four GAS genomes. Our data provide extensive information about GAS biology and pathogenesis and have relevance to development of new therapeutics such as vaccines. The integrated approach used in this analysis is generally applicable to pathogenic microbes.
Materials and Methods
Identification of Genes Encoding Putative Virulence Factors. To identify putative GAS virulence factor genes, we searched databases from four GAS genome sequencing projects (http:͞͞www.genome.ou.edu͞strep.html, http:͞͞www.sanger. ac.uk͞Projects͞S_pyogenes͞, and unpublished data) for ORFs encoding proteins with an LPXTG motif, or substantial homology with a virulence factor made by another bacterial pathogen. Twelve loci selected for study were present in the genome of all four GAS strains (serotype M1, M3, M5, and M18 organisms) and were distributed around the genome (Table 1) . Eleven genes encode proteins presumed to be extracellular because they contain an apparent secretion signal sequence (12) . Eight of the proteins have a LPXTG(L) motif that covalently links Grampositive virulence factors to the bacterial cell surface (13) . The putative function of the inferred protein encoded by each of the 12 genes was assigned by the WIT2 analysis (available at http:͞͞www.genome.ou.edu͞strep.html) and BLAST analysis. For ease of description, each gene will be referred to by the SPy Abbreviation: GAS, group A Streptococcus.
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number assigned in GenBank, e.g., spy1986, spy1857, and so forth. One gene was selected for study because it encodes a presumed intracellular protein homologous to the principal Listeria monocytogenes virulence gene regulator PrfA (14) . Hence, it differs in cellular location and function with the other 11 proteins and serves as a comparison gene. None of the 12 genes encodes a GAS protein that has been previously characterized.
Bacterial Strains and DNA Sequence Analysis. Thirty-seven GAS strains isolated from infected humans living on two continents and representing broad GAS genomic diversity, as assessed by multilocus enzyme electrophoresis, pulsed-field gel electrophoresis of chromosomal fragments, and genome sequence data were studied (10, 15, 16 ) (see Table 3 , which is published as supplemental material on the PNAS web site, www.pnas.org). f Amino acid motif used to anchor proteins to the cell wall in gram-positive organisms. g Wild-type M1 GAS (MGAS 5005) isolated in the stationary phase of growth. h CovR-negative isogenic mutant of M1 GAS (MGAS 5005) isolated in the exponential phase of growth. i Mga-negative isogenic mutant of M1 GAS (MGAS 5005) isolated in the exponential phase of growth. j CovR-negative isogenic mutant of M1 GAS (MGAS 5005) isolated in the stationary phase of growth. k Mga-negative isogenic mutant of M1 GAS (MGAS 5005) isolated in the stationary phase of growth. l BLAST results indicate homology to a cell surface antigen of Bacteroides forsythus (GenBank no. T31094), a choline-binding protein of Streptococcus pneumoniae (GenBank no. CAB04758), and internalin B of Listeria ivanovii (GenBank no. CAC20606).
recombination in the evolution of the 12 genes, the quality of the phylogenetic signal was analyzed by split decomposition with the program SPLITSTREE (24, 25) . Unlike many other tree-building algorithms, this method does not force the data into a bifurcating tree, and, importantly, enhances the ability to detect conflicting phylogenies suggestive of recombination. In cases of high frequencies of interstrain gene transfer, split decomposition results in a reticulate network of nodes. To identify the putative endpoints of past recombination events, a computer program (MAXCHI) (26) that implements the maximum 2 method was used.
Gene Fragment Cloning and Expression of Recombinant Proteins.
Cloning primers were designed on the basis of M1 genome data (http:͞͞www.genome.ou.edu͞strep.html). PCR products made from strain MGAS5005 (M1) DNA were digested with NdeI and BamHI, cloned into pET-15b (Novagen), and sequenced to rule out the presence of spurious mutations. The following gene fragments were cloned (numbered on the basis of nucleotide positions in each ORF: spy2211, 1327 to 2475; spy1986, 478 to 2109; spy1972, 1 to 1215; spy1858, 1 to 1011; spy1857, 1 to 720; spy1361, 124 to 1299; spy1239, 1 to 987; spy0872, 850 to 2013; spy0843, 877 to 1752; spy0747, 1351-2436; spy0501, 1 to 1110; and spy0277, 1 to 945. To assess protein production, recombinant E. coli BL21(DE3) (Novagen) strains were grown at 37°C for 8 h in 10 ml of LB broth supplemented with 100 mg ampicillin͞liter, pelleted by centrifugation, lysed, and analyzed by SDS͞PAGE.
Western Immunoblot Analysis. Proteins separated by SDS͞PAGE were transferred to a nitrocellulose membrane (Millipore) and probed with sera obtained from healthy subjects with no history of severe GAS disease and acute-and convalescent-phase sera taken from patients with invasive GAS infections. Goat antihuman affinity-purified IgG (Bio-Rad) was used as the secondary antibody. Signal detection was conducted with SuperSignal West Pico chemiluminescent substrate (Pierce).
TaqMan Real-Time Reverse Transcriptase-PCR Analysis. Bacteria were grown in 10 ml of THY medium to exponential (OD 600 ϭ 0.4) and stationary phase (OD 600 ϭ 0.8). TaqMan assays were performed with an ABI 7700 thermocycler (Perkin-Elmer) as described by Chaussee et al. (27) . Specific mRNA transcript levels were expressed as fold difference between the conditions compared. Strain MGAS5005 (M1) and its isogenic nonpolar covR mutant (JRS950), and strain JRS301 (M1) and its isogenic nonpolar mga mutant (JRS403) were used for these analyses 
Results
Sequence Diversity. The 12 genes were sequenced in 37 strains that together represent broad GAS species diversity. There were 11-15 alleles per locus except for spy1857, which had six alleles (average, 12.3 alleles per locus) ( Table 2 ). Variation ranged between 1.2% and 6.8% at the nucleotide level and 0.4% and 7.2% at the amino acid level. Spy1857 (L. monocytogenes PrfA homolog) was the least variable protein, differing at only 0.4% of 239 aa sites. Spy1986 (glucose-specific II ABC component) and Spy1361 (related to L. monocytogenes internalin) were the most variable, with 5.9% and 7.2% polymorphic amino acid sites, respectively.
Allelic variation among strains of the same M serotype was greatly restricted compared with allelic variation per gene between strains of different M serotypes. Among strains of the same M type, allelic variation was present only in the five M28 strains (three genes), three M12 strains (three genes), three M6 strains (two genes), and two M75 strains (one gene).
Analysis of Genetic Relationships and Recombination.
To estimate overall genetic relationships and levels of recombination, a concatenated sequence (26,946 bp) composed of all 12 genes was constructed for each of the 37 isolates. Alignment of the 37 concatenated sequences identified 658 polymorphic nucleotide sites, of which 583 were parsimony-informative; 253 of 296 polymorphic amino acid positions were parsimony-informative. The estimated mean nucleotide diversity for the 37 concatenated sequences was very low (0.0064 Ϯ 0.0002 nt), a result consistent with the occurrence of large regions of conserved sequence among strains of the same M type identified by inspection. The average genetic distance between strains of different M types is small and very similar ( Fig. 1 and data not shown) . With few exceptions, bootstrap confidence limits for the ancestral nodes were Ͻ70%. In addition, the topologies of the individual gene trees were not congruent with the topology of the strain tree made from the concatenated data (data not shown). Taken together, the overall phylogeny of these strains cannot be reconstructed with confidence.
In light of these findings, split decomposition analysis (25) of the concatenated nucleotide sequences was used to assess the possibility that recombination had contributed to chromosomal diversification. Several alternate evolutionary pathways were identified for each strain representing the 12 M types studied (Fig. 1) . Moreover, maximum 2 analysis (26) suggested that multiple recombination events have contributed to the generation of allelic diversity in each of the 12 genes (data not shown). These results, together with the restricted allelic variation among strains of the same M type, suggest that recombination has occurred recently and insufficient time has elapsed for nucleotide polymorphisms to accumulate by other mechanisms.
Human Immune Response to Recombinant Protein Fragments.
To identify regions of each gene that may be responding to positive selective pressure, the pattern of nucleotide substitution was analyzed by PSWIN (23) . Eleven of the 12 genes had one or more regions in which the rate of nonsynonymous (amino acidaltering) nucleotide substitutions exceeded the rate of synonymous (silent, not resulting in amino acid replacement) substitutions (Fig. 2 , which is published as supplemental material), suggesting that selection is operative. (spy1857 lacked sufficient variation to permit meaningful analysis.) These regions were cloned and except for clones derived from spy1986 and spy0501; expression of recombinant protein was confirmed by SDS͞PAGE and Coomassie blue staining (data not shown).
Immune selection is one mechanism that can inflate the ratio of nonsynonymous to synonymous nucleotide substitutions. Immune selection requires that the protein is expressed in the course of pathogen-host interactions. To determine whether the proteins were made in infected patients, Western immunoblot analysis was conducted with sera obtained from 11 individuals. Seven sera taken from healthy subjects with no history of invasive GAS disease and no recent GAS infection were analyzed. Because GAS throat and skin infections are common in childhood, these individuals are likely to have been exposed to the pathogen in the past, perhaps multiple times. With the exception of Spy1857 and Spy2211, recombinant proteins obtained from the clones were reactive with one or more of the sera obtained from the healthy subjects (Table 4 , which is published as supplemental material). For example, Spy1972, Spy0843, and Spy1361 were reactive with all seven sera tested. Similarly, Spy1858, Spy0747, Spy0872, Spy1239, and Spy0277 were reactive with 86%, 71%, 43%, 29%, and 14% of these seven sera, respectively. The data are consistent with the hypothesis that most of these proteins are made when GAS causes mucosal or superficial skin infections. To determine whether the proteins also were made when GAS causes severe invasive infections, paired acute and convalescent sera taken from four patients were used to screen the recombinant protein fragments. The Spy1857 and Spy2211 fragments also were unreactive with these sera. However, the four convalescent sera were reactive with the protein fragments derived from all other genes (Table 4) . Although immunoreactivity with the acute sera was occasionally observed, the reactivity of the convalescent sera was far more intense, a result indicating recent exposure to the protein. We first determined whether transcription of the 12 genes is growth phase-dependent. RNA isolated from MGAS5005 (serotype M1), a strain that is genetically representative of the M1 subclone commonly causing infections worldwide (16, 31) , was used for these experiments. Transcription of spy1972 and spy1986, genes encoding proteins putatively involved in carbohydrate metabolism, was increased 32-fold and 71-fold in the stationary phase relative to exponential phase, respectively (Table 1) . Up-regulation of expression of these genes may be a response to diminishing availability of carbohydrate nutrient. Transcription of the spy0747 gene encoding a putative extracellular nuclease was increased 16-fold in the stationary phase. spy0843, spy0872, and spy1361 had less substantial increases in transcription in stationary phase (4.34-, 2.97-, and 2.07-fold, respectively).
We next investigated whether transcription of these 12 genes was influenced by the CovR͞CovS (control of virulence) twocomponent regulatory system that represses production of several critical GAS virulence factors, such as extracellular cysteine protease and capsule (32, 33) . CovR represses gene transcription in exponential and stationary phase (33) . Relative to wild-type strain MGAS5005, transcription of two genes (spy0843 and spy0747) was increased in exponential phase in an isogenic covR mutant strain (Table 1) .
The influence of Mga (multiple gene activator) on transcription of the 12 genes was studied next. Mga is a trans-acting positive transcriptional regulator of genes encoding the virulence factors M protein, C5a peptidase, streptococcal inhibitor of complement, and streptococcal collagen-like protein 1 (29, (34) (35) (36) . Mga influences gene transcription in the exponential phase, but not in the stationary phase, and its action is linked to Fig. 1. (A) Genetic relationships among GAS strains based on concatenated gene sequences. The 12 genes were concatenated in the following order: spy0277, spy1857, spy0501, spy1239, spy1972, spy0843, spy1361, spy0747, spy0872, spy1986, spy1858, and spy2211. The tree was constructed by the neighbor-joining algorithm on the basis of the genetic distance determined by the Tamura-Nei method (20) , which takes into consideration transitions and transversions, and GC content biases. The topologies of the trees constructed for individual genes are not cognate with the topology of the concatenated tree, suggesting the occurrence of recombination (data not shown). Bootstrap confidence levels that exceed 70% are shown. (B) Split decomposition analysis of the concatenated nucleotide sequences. A representative sequence of each of the 12 M types analyzed was used. Multiple pathways characterize each M type, a result consistent with recombination. The pairwise dissimilarity of the multilocus genotypes was estimated by using hamming (uncorrected) distances.
Mga-binding sites located upstream of the regulated genes (35) . None of the 12 genes studied has a consensus Mga-binding site in presumed regulatory regions (data not shown), and consistent with this observation, none of the genes was down-regulated in the isogenic mutant (Table 1) . However, transcription of seven of the 12 genes (spy0747, spy1986, spy1857, spy0843, spy2211, spy0501, and spy0872) was up-regulated modestly (2-to 3-fold) in exponential phase, a paradoxical effect that could be due to the absence of Mga-influenced transcripts in the mutant.
Discussion
Recombination and Genetic Diversity. We identified evidence that horizontal gene transfer has contributed to allelic diversity at all 12 loci. GAS lacks plasmids and is not known to be naturally transformable. However, the species has many bacteriophages (37) , suggesting that transduction is the primary mechanism mediating recombination. The 12 genes studied are located in chromosomal regions that do not contain obvious phagerelated genes, suggesting that if recombination is phagemediated, generalized transduction is operative. Data obtained from comparative sequencing of many proven and putative virulence genes (e.g., streptokinase; M protein; Mlike proteins; streptococcal pyrogenic exotoxin A, B, and C; streptococcal superantigen; hyaluronidase; and streptococcal collagen-like protein-1 and -2) (36, 38 -43) has suggested that recombination has been a major contributor to allelic variation and chromosomal heterogeneity in GAS. The general lack of congruence between the individual gene trees and the genetic relationships inferred by analysis of the concatenated sequences strongly confirms the importance of recombination in the evolution of GAS. Lateral transfer permits the pathogen to sample many new gene and allele combinations, perhaps increasing the likelihood of generating a more fit organism or enhancing other biomedically relevant traits such as antimicrobial resistance, niche expansion, and virulence.
Characterization of Gene Transcription. TaqMan assays proved to be a very rapid method to obtain quantitative information about transcription of all 12 genes. Our analysis found that transcription of six genes was up-regulated in stationary phase. In addition, transcription of several genes was influenced by CovR and Mga, two major regulators of GAS virulence factor production. These data provide information about gene regulatory circuits in GAS. Additional regulatory genes have been described in GAS (27, (44) (45) (46) , and other probable regulators are present in the four genomes analyzed (data not shown). Hence, high-throughput TaqMan assays will permit rapid assessment of the influence of each regulatory gene on target genes such as those encoding virulence factors, extracellular molecules, and other transcriptional regulators.
Implications for Pathogenesis and Development of Therapeutics.
Eight of the 12 genes were selected for analysis because they encode a protein with an LPXTG(L) cell-wall anchor motif. More than 50 extracellular proteins with this motif have been described in Gram-positive bacteria, and many of them are virulence factors (38) . For example, in GAS this motif is present in M protein, M-like proteins, C5a peptidase, GRAB protein, serum opacity factor, a fibronectin-binding protein, streptococcal protective antigen, and two collagen-like proteins (13, 43, (47) (48) (49) . All of these proteins are expressed on the GAS cell surface. With the exception of the streptococcal collagen-like protein-2, which was described very recently but not yet characterized in pathogenesis studies, all of these GAS proteins are virulence determinants in one or more model systems (13, 43, (47) (48) (49) . Involvement in pathogenesis was not studied, but two lines of evidence suggest that some of the 12 proteins we characterized participate in host-pathogen interactions, broadly defined. First, the Western immunoblot data show that the proteins are made in human infections, including severe invasive episodes. Second, several of the proteins are homologous to virulence factors produced by other Gram-positive pathogens. For example, Spy1361 is homologous to internalins made by L. monocytogenes that are required for entry into host cells (50, 51) . Moreover, Spy1858 and Spy1239 are homologous to virulence proteins made by the related pathogen group B Streptococcus that were identified recently by use of signature-tagged mutagenesis and a rat sepsis model (52) . Spy0843 has regions of homology with a choline-binding protein made by Streptococcus pneumoniae (53) and Listeria ivanovii internalin B. Spy0843 has a leucinerich repeat motif that has been implicated in diverse proteinprotein interactions (54) .
GAS causes human morbidity and mortality worldwide. Estimates of the annual direct health-care costs in the United States for pharyngitis alone exceed $1 billion, and GAS is responsible for 10,000-15,000 cases of serious invasive disease with high morbidity and mortality each year in the U.S. (8, 9) . The pathogen also is the most common cause of preventable pediatric heart disease globally due to rheumatic fever and subsequent rheumatic heart disease. There is no vaccine available for prevention of GAS infections. All five GAS cell-surface proteins with an LPXTG anchor motif or closely related amino acid sequence that have been extensively studied confer protective immunity in mouse models, including M protein, C5a peptidase, serum opacity factor, a fibronectin-binding protein, and streptococcal protective antigen (48, 49, 55, 56) . Two other secreted proteins found free in culture supernatants also confer protective immunity in mouse or rabbit disease models (57, 58) . Although speculative, one or more of the 11 extracellular proteins we studied also may contribute to protective immunity. Three observations lead us to suggest that further analysis of the suitability of these proteins as candidate antigens for conferring protective immunity is warranted. First, none of the proteins was hypervariable (mean percent amino acid polymorphism ϭ 3.1), and few had long regions of greatly increased amino acid variation. Second, all of the genes were transcribed and the Western immunoblot results indicated that the proteins are made in infected hosts. Third, as noted, several of the proteins are homologous to virulence factors made by other bacteria, suggesting that immune-mediated inhibition of these molecules may be therapeutic.
Our studies add to the emerging concept that potential virulence factors and therapeutics candidates can be identified very rapidly by whole-genome investigations. This notion was made very clear recently by Pizza et al. (28) , who sequenced a Neisseria meningitidis genome and identified seven new surface proteins that may confer protective immunity. The importance of delineating potential antigenic variability by comparative sequencing of the genes encoding candidate proteins in strains representing known natural population diversity, widespread localities, and the most common serotypes responsible for human infections is also shown by our study. In addition, this study combines TaqMan transcription analysis of isogenic mutants with protein overexpression and Western blot results to rapidly identify and characterize potential new vaccine candidates. Analysis of the role of these proteins in hostpathogen interactions, and their ability to stimulate protective immunity in animal models, may provide much-needed new avenues for control of GAS disease.
